We study an interaction of 2D quasiparticles with linear dispersion E = ±u|p| (graphene) with impurity potential. It is shown that in 1D potential well (quantum wire) there are discrete levels, corresponding to localized states, whereas in 2D well (quantum dot) there are no such states. It is found the scattering cross-section of electrons (holes) of graphene on the axially symmetric potential well and it is shown that when the energy of particle increases infinitely the cross-section tends to constant. It is derived the effective Hamiltonian for the curved quantum wire of graphene.
Introduction
Monatomic layer of carbon atoms, forming hexagonal lattice (graphene), is studied very intensively at present [1] - [3] . "Conical" dispersion law for quasiparticles (the name is borrowed from the analogous model of 3D slitless semiconductor) results in crucial distinctions of their dynamical characteristics from the corresponding characteristics of massive particles. The density of electron states becomes zero linearly with respect to energy E, counted from the conical point, that is more quickly then for usual particle in 3D case ( √ E). It gives the reason to expect the formation of bound states in potential wells will be hindered. In the letter by the example of explicitly solvable models of 1D and 2D rectangular wells we study the possibility of localization of quasiparticles, described by the Hamiltonian
where σ = (σ 1 , σ 2 ) are Pauli matrices,p = −i ∇ is momentum operator, u is characteristic velocity (for graphene u ∼ 10 6 m/sec). It turned out, that quantum wire (1D localization) is possible, whereas quantum dot as well as hydrogen-like donor (acceptor) is not possible. 1D effective Hamiltonian will be derived and it will be shown that geometric potential differs significantly from the case with quadratic dispersion.
1D potential well
The motion of electrons in a graphene waveguide, representing 2D stripe with straight axis, is described by the equation:
where v(y) is the potential confining the particle in the waveguide (below we suppose u = = 1). Let us look for the solution in the form Ψ(x, y) = χ(y) exp(ipx), where χ(y) = (χ 1 , χ 2 ) is two-component spinor, whose components satisfy the equations:
Excluding χ 2 , we find:
The equation for function χ 2 = E − v(y) χ 2 is obtained by means of replacement p → −p.
Let us consider the potential v(y) in the form of step function:
In each area the equation (5) is reduced to
where v i = 0 if y < −a, v i = −v 0,1 if |y| < a and y > a correspondingly. Solutions of the last equation decreasing when y → ±∞, have the form
Matching conditions χ i | y=±a−0 = χ i | y=±a+0 , i = 1, 2 lead to the following equation, determining the spectrum E = E ν (p), where ν is the number of subband of transversal quantization:
In the case of symmetric well v 1 = 0, κ 1 = κ; equation (6) is simplified:
Branches E ν (p) for symmetric well are shown on Fig.1 . Let us note that equation (7) always has the solution E(p) = |p| − v 0 , i.e. q = 0. However this branch of spectrum is not physical since it corresponds to wavefunction identically equals to zero.
An investigation of equation (7) leads to the condition of reality of q, which one together with obvious condition of reality of κ determines the region, occupied by discrete spectrum max{−|p|, |p| − v 0 } < E < |p|. From this, in particular, it follows that E > −v 0 /2. It is easy to calculate energy in the following limiting cases:
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In the shallow nonsymmetric well there are no bound states at any p. There are no bound states also in a nonsymmetric well of any depth at small enough p. 
Effective 1D equation in adiabatically curved stripe
Let us consider the stripe with curved axis defined by the equation r = R(x); we suppose the stripe to be curved in its plane. Here R(x) = (R 1 (x), R 2 (x)) is smooth vector-function, x is a natural parameter on the axis (length counted out from some fixed point), |dR/dx| = 1. Let us denote n(x) = n 1 (x), n 2 (x) to be unitary vector normal to dR/dx. In the neighborhood of axis curvilinear coordinates x, y, defined by the equality r = R(x) + yn(x) are defined. The equation (2) in curvilinear coordinates has the form:
where k is the curvature of the axis of waveguide at the point x, Ψ = (1 − ky) 1/2 Ψ. Let us take into account now that the stripe is curved adiabatically, i.e. formally k → 0. Following the idea [4] , we look for the solution of the last equation in the form Ψ ν (x, y) = χ ν ψ ν (x),χ ν = (χ ν 1 ,χ ν 2 ) is two-component vector-operator and scalar wavefunction ψ ν (x) satisfies effective Schrödinger equation
Let us decompose operatorL with respect to powers of curvatureL ν = H ν eff +L ν 1 + . . .. It will be shown that operatorĤ ν eff = H ν eff (−i∂/∂x) does not depend on x. It follows from [5] that H ν eff (p) is an eigenvalue of the following problem:
where p is a parameter (c-number), χ ν = (χ ν 1 , χ ν 2 ). Using the replacement χ ν 2 = (n 2 − in 1 ) χ ν 2 we reduce (13) to (3):
Let us choose functions χ ν 1 , χ ν 2 to be real. Then from general formulas [5] and the relation (χ ν ) + (σn)χ ν y = 0 it follows that
Herep = −i∂/∂x, [·, ·] + means anticommutator, and · y means integration by y. For even potential K(p) = 0.
Effective equation for rectangular well at small |p|. For symmetric rectangular well at small |p| one can use dispersion relation (8). Then we find Q(0) = sign{sin(2v 0 a)}sign{p} cos(2v 0 a)/2. Effective 1D equation for small momentums takes the form:
Thus geometric potential for quasiparticles has the form k(x)/2 and, how one can see from (16), it can't organize bound states.
Axially symmetric potential
Let us consider the equation (2) for the axially-symmetric potential.
In the cylindric coordinates x = r cos ϕ, y = r sin ϕ it has the form
We find the solution in the form Ψ 1 = e inϕ χ 1 ,
Rectangular well
Let us consider axially symmetric well with constant width: v(r) = −v 0 if r < a and v(r) = 0 if r ≥ a. Excluding χ 2 from (18), we obtain:
These equations have solutions J n (|E + v 0 |r), N n (|E + v 0 |r) and J n (|E|r), N n (|E|r) correspondingly. The solution regular at the point r = 0 has the form χ 1 (r < a) = C n J n ((E + v 0 )r). The equation (20) contains only the square of the energy. Thus its solutions don't depend on the sign of E. These solutions are equivalent to scattering states of usual radial Schrödinger equation with E > 0. From this it follows that there are no bound states in such a potential well. We would like to emphasize that this conclusion does not depend on the depth and width of the well, i.e. 2D localization of quasiparticals in graphene (quantum dot) is principally impossible (it would hold for the region of momentum where the Hamiltonian (2) and linear dispersion law are valid). The same concerns, obviously, any decreasing at the infinity potential, from this it follows an absence of hydrogen-like states of donors or acceptors in graphene.
Let us consider scattering problem. Let the wave with positive energy comes from the infinity along the x-axis. Then the wavefunction Ψ far from the origin has the form:
Using the decomposition of the plane wave exp(i|E|r cos ϕ) = (1/2) ∞ n=−∞ i n [H .
(
Hence
Using functional relations for Hankel functions, it is easy to show that S
n . Hence f 2 (ϕ) = e iϕ f 1 (ϕ). Continuity conditions of the wavefunction at r = a lead to equations:
From this one can find S
n . Wavefunction of the scattered particles has the form Ψ out ≃ e i|E|r r −1/2 (f 1 (ϕ), f 2 (ϕ)), hence the current density j out = Ψ + out σΨ out = 2|f 1 (ϕ)| 2 r −1 {cos ϕ, sin ϕ} (we wrote Cartesian components of vector-current in braces). Hence the differential cross-section is dσ/dϕ = 2 |f 1 (ϕ)| 2 . Total cross-section is
Analogous calculations give the same formula for the total crosssection for particles with negative energy. In the low-energy limit |E|a ≪ 1 using asymptotic formulas J 0 (z)
On Fig.2 we show scattering cross-section as a function of |E|a. One can see that cross-section has resonances. We will study below the opposite limiting case |E|a ≫ 1 solving the problem using another method. 
Green function and integral scattering equation
Green function of the operator (1) is 2 × 2-matrix G(r). It satisfies the equation
g 22 , I = 1 0 0 1 .
(28) Solving this equation we find
. (29) For large |E|r Green function has the asymptotic form
Let us write integral scattering equation
where Ψ in is the wavefunction of incoming particles. In the first Born approximation it is reduced to the following equation: Ψ(r; E) = Ψ in (r; E) − v 0 a 2q π|E| r e i(|E|r+π/4) 1 + e −iϕ sign(E) (1 + e iϕ ) J 1 (qa),(32)
where q = 2|E| sin(ϕ/2). Hence scattering cross-section is dσ dϕ = 2π|E|v 2 0 a 2 q 2 cos 2 (ϕ/2)J 2 1 (qa) = πv 2 0 a 2 2|E| cot 2 (ϕ/2)J 2 1 2|E|a sin(ϕ/2) , σ = π 2 v 2 0 a 4 |E| 2 2 F 3 [1/2, 3/2; 2, 2, 3; −4|E| 2 a 2 ],(33) where 2 F 3 is the generalized hypergeometric function. When |E|a → ∞ scattering cross-section tends to the constant σ → 16v 2 0 a 3 /3. Note that for usual particles Born scattering crosssection by a short-range potential tends to zero when energy increases [6] , however if one formally supposes mass to be proportional to momentum to obtain linear dispersion law, then liiting value of Born cross-section at |E| → ∞ also turn out to be constant.
